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Abstract 

 

Vaccine adjuvants are used to enhance the immune response induced by antigens that have 

insufficient immunostimulatory capabilities. The present work aims at developing frontal 

analysis continuous capillary electrophoresis (FACCE) methodology for the study of antigen-

adjuvant interactions in vaccine products. After method optimization using three cationic model 

proteins, namely lysozyme, cytochrome C and ribonuclease A, FACCE was successfully 

implemented to quantify the free antigen and thus to determine the interaction parameters 

(stoichiometry and binding constant) between an anionic polymeric adjuvant (polyacrylic acid, 

SPA09), and a cationic vaccine antigen in development for the treatment of Staphylococcus 

aureus. The influence of the ionic strength of the medium on the interactions was investigated. A 

strong dependence of the binding parameters with the ionic strength was observed. The 

concentration of the polymeric adjuvant was also found to significantly modify the ionic strength 

of the formulation, the extent of which could be estimated and corrected.  
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Introduction 

Vaccination combined with clean water access, improved hygiene practices and antibiotics 

allowed to drastically reduce mortality from infectious diseases during the last century
1
. A report 

from the World Health Organization states that vaccines saves up to 2-3 million lives per year
2
. 

In addition to preventing deaths, vaccines also massively reduce diseases and disabilities. 

Despite huge advancement in vaccine development, many challenges remain, and the list of 

unmet medical needs is still long
3
. Moreover, epidemics caused by viral infections are emerging 

almost every year. Those outbreaks, characterized by their unpredictability, high morbidity, 

exponential spread, and significant social impact require a rapid development of new vaccines
4,5

. 

In addition, the increasing spread of antibiotic resistance in bacterial pathogens is also a growing 

threat to public health
6,7

. Thus, vaccines against antibiotic-resistant bacteria are being 

developed
8,9

. Furthermore, vaccines have today the potential to prevent or treat not only 

communicable diseases, but also diseases considered noncommunicable such as cancer and 

neurodegenerative disorders
10–14

. Put together, some 240 vaccine candidates are currently under 

development
15

.  

Adjuvants have a key role to play in the new vaccine developments, they are used to enhance 

and modulate the immunogenicity of antigens that have insufficient immunostimulatory 

capabilities
16,17

. The strength of the antigen-adjuvant interaction has been shown to be able to 

increase or to decrease  vaccines immunogenicity
18–20

. In that respect, Hansen B. et al. showed 

that the antibody production can be reduced when the antigen is too strongly adsorbed on the 

adjuvant
21–23

. Thus, the development of new analytical methods to characterize the antigen-

adjuvant interactions is crucial to better understand the mode of action of adjuvants and their 

impact on the immunogenicity
24,25

. A better understanding of these interactions will allow to 

optimize vaccine efficacy and stability
26

.  
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Among existing adjuvants, polymers including acrylic acid units have been used since the 

1970s
27,28

. Since then, many studies have confirmed the adjuvant activity of polyacrylic acid 

polymers and their derivatives
29–33

. Cross-linked polyacrylic acid polymers sold under the name 

Carbopol® are already used as effective adjuvants in several veterinary vaccines
34–36

. Polyacrylic 

acid polymers are also of great interest for the development of new human vaccines
37–39

. Indeed, 

the search for new vaccines antigens and more effective vaccines requires the search for new 

potent adjuvants
40,41

. SPA09, a purified linear polyacrylic acid polymer, has in particular been 

identified as a new promising human adjuvant
42,43

. 

Some analytical techniques are already commonly used to study antigen-adjuvant 

interactions: Isothermal Titration Calorimetry (ITC) is based on the measurement of the heat 

released or absorbed during a binding event between two entities ITC gives access to the enthalpy 

changes (∆H), the entropy change (ΔS), the binding site constant (k) and the interaction 

stoichiometry (n)
44–46

. Differential Scanning Calorimetry (DSC) gives access to the melting 

temperature (Tm) by measuring the heat variation associated with the thermal denaturation of a 

molecule or a complex when it is subjected to a temperature ramp. Thus, DSC can give 

information on the presence or absence of interaction as well as on the structure and stability of 

antigen-adjuvant complexes
47,48

. More recently, Surface Plasmon Resonance (SPR)
 
 and Bio 

Layer Interferometry (BLI) have become methods of great interest for interactions studies. SPR 

and BLI measure the changes in refractive index and the shift of the interference pattern, 

respectively, when a receptor binds to or separates from a ligand immobilized at the surface of a 

biosensor
49

. SPR and BLI allows to access to the kinetic constants of association (kon) and 

dissociation (koff) and to the equilibrium dissociation constant (Kd). 

However, none of these methods gives direct access to the free ligand concentration, which is 

the parameter of choice to determine the isotherm of adsorption, and consequently, by curve 
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fitting, the parameters of interaction (namely, the intrinsic binding constant and the stoichiometry 

of interaction). 

Conversely, Frontal analysis continuous capillary electrophoresis (FACCE) is a 

straightforward technique allowing to quantify the free ligand concentration at equilibrium in a 

ligand/substrate mixture
50

. FACCE has been applied to many different systems such as 

oppositely charged polyelectrolytes
51

, small molecule-polyelectrolyte
52–54

, protein-

polyelectrolyte
55–60

 or protein-drug
61–67

 binding. However, to our knowledge, this promising 

technique has never been used for the study of antigen-adjuvant interactions in vaccines. The 

principle of FACCE consists in applying a continuous voltage in the substrate-ligand equilibrated 

mixture, in order to selectively introduce in the capillary and to quantify the free ligand 

concentration. Generally, the analytical strategy is to limit as much as possible the entrance of the 

interacting complex in the capillary in order to: (i) avoid any complex dissociation in the 

capillary; and (ii) avoid the occurrence of undesirable adsorption onto the capillary wall. Since 

the amount of free ligand which selectively enter in the capillary is very low compared to the 

total ligand amount contained in the inlet vial, the equilibrium is not perturbed. Among the main 

advantages of this technique which seems attractive for the study of antigen-adjuvant 

interactions, one can cite: (i) the interaction study in conditions close to the conditions of 

formulation and/or biologically relevant; (ii) the possibility to wait for the equilibrium of the 

mixture before analysis; (iii) the relatively low volume/quantity of material required (nL injected, 

dozens of µL prepared per mixtures). 

The present study aims at developing FACCE methodology under physiological conditions 

for the study of interactions between an anionic vaccine adjuvant SPA09 and a cationic vaccine 

antigen in development for the treatment of Staphylococcus aureus (PrSA). Staphylococcus 
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aureus is a common human commensal organism which is a major cause of nosocomial 

infections worldwide. The method was first optimized using three cationic model proteins 

lysozyme, cytochrome c (Cyt C) and ribonuclease A (RNase A). From an analytical point of 

view, the challenge was to find the suitable experimental conditions allowing to avoid any 

interaction of the partners on the capillary wall during the FACCE analysis ensuring good 

reliability of the results. The final objective is to determine the binding parameters, i.e. the 

intrinsic binding constant (k), the first successive binding constant (K1), and the stoichiometry of 

the antigen-adjuvant complex at saturation (n). The influence of the ionic strength and the 

adjuvant concentration on the antigen-adjuvant interactions were also thoroughly investigated, 

since they are strongly related parameters which can be varied in the final vaccine formulation. 

Materials and methods 

 

Chemicals     

SPA09
42

 (polyacrylic acid, Mw = 590 kDa, PDI = 2.2) was provided by Sanofi Pasteur 

(Marcy-l'Étoile, France) at 17.8 g/L in phosphate-buffered saline buffer (PBS) (ionic strength 165 

mM, pH = 7.4). PrSA (peptidyl-prolyl cis-trans isomerase from Staphylococcus aureus, Mw = 35 

kDa, pI = 9) at 2.5 g/L in tris(hydroxymethyl)aminomethane (TRIS) buffer (ionic strength 165 

mM, pH = 7.4) was provided by Sanofi-Pasteur (Marcy-l'Étoile, France).  Lysozyme from 

chicken egg white (Mw = 14 kDa, pI = 11), Cyt C from bovine heart (cytochrome c, Mw = 12 kDa, 

pI = 10), RNase A from bovine pancreas (ribonuclease A, Mw = 14 kDa, pI = 9), TRIS 

((CH2OH)3CNH2, Mw = 121 g/mol) and polybrene (PB, hexadimethrine bromide, Mw = 15 kDa) 

were purchased from Merck (Darmstadt, Germany). PAA190 (polyacrylic acid, Mw = 190 kDa, 

PDI = 1.2) was purchased from Polymer Source. Inc. (Montreal, Canada). Deionized water was 

further purified with a Milli-Q system from Millipore (Molsheim, France). The SPA09 provided 
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by Sanofi-Pasteur was dialyzed against Milli-Q water in order to eliminate the PBS buffer using 

Slide-A-Lyzer Dialysis Cassette G2 3 500 MwCO (ThermoFisher Scientific, Waltham, USA), and 

then freeze-dried. All the other chemicals were used without any further treatment. 

Sample preparation 

Stock solutions of SPA09, lysozyme, Cyt C and RNase A were prepared in TRIS buffer (80 

mM TRIS, 68 mM HCl, 97 mM NaCl) at pH 7.4. The stock solution concentration of SPA09 was 

set at 2 g/L, lysozyme at 1.6 g/L, Cyt C and RNase A at 3.2 g/L. PrSA was already in solution in 

TRIS buffer at 2.5g/L. All the stock solutions were subsequently diluted to the desired 

concentrations in TRIS buffer. These solutions were used for the calibration curves and for the 

preparation of the antigen-adjuvant mixtures. These mixtures were obtained by mixing 150 µL of 

antigen solution and 150 µL of adjuvant solution. Final solutions were homogenized by manual 

agitation before analysis by FACCE. 

FACCE 

In the case of lysozyme, Cyt C and RNase A, FACCE experiments were carried out on a 

7100 CE Agilent system (Waldbronn, Germany). This system is equipped with a diode array 

detector. Bare fused silica capillaries were purchased from Polymicro Technologies (Phoenix, 

USA). Capillaries of 50 µm i.d. × 33.5 cm total length (8.5 cm to the detector) were used. To 

reduce the migration times, the sample was introduced from the short-end (8.5 cm to the 

detection point). The temperature of the capillary cartridge was set at 25°C. The capillary was 

coated with polybrene using successive flushes of: 0.5 % (w/w) polybrene in water (7 min), 

Milli-Q water (1 min), and background electrolyte composed of 80 mM TRIS buffer (1 min). The 

capillary was flushed with a 0.5 M NaOH containing 2 M NaCl mixture to remove the polybrene 

coating from the capillary (7 min), and then coated again using the previous protocol between 
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each analysis. FACCE experiments were performed by applying a voltage of - 7.5 kV  and a co-

pressure of - 30 mbar (as stated in the chemstation software, i.e. from the long-end side of the 

capillary) to permit the entrance and the quantification of the (cationic) free protein, while 

avoiding the entrance of the negatively charged adjuvant and the protein-adjuvant complex. Free 

proteins were continuously and electrokinetically introduced into the capillary.  

In the case of PrSA, FACCE experiments were carried out on a PA800 CE system from 

SCIEX (Framingham, USA). Bare fused silica capillaries were purchased from SCIEX 

(Framingham, USA). Capillaries of 50 µm i.d. × 30 cm total length (10 cm to the detector) were 

used. Analyzes were performed on PB-coated capillaries using the same coating and rinsing 

procedures as described in the previous paragraph.  

All FACCE experiments were performed in triplicates. 

Theoretical background 

 

Isotherm of adsorption 

A straightforward way to study antigen-adjuvant interactions is to plot the isotherm of 

adsorption associated to these interactions
68,69

. In this study, the polymeric adjuvant SPA09 is 

considered as the substrate (S) and the protein model or the vaccine antigen is considered as the 

ligand (L). The isotherm of adsorption of the ligands onto the substrate is defined as the graphical 

representation of the average number of bound ligands per substrate    versus the free ligand 

concentration [L]. n  can be obtained experimentally from the determination by FACCE of the 

free ligand concentration in different equilibrated ligand / substrate mixtures, according to equation 

(1): 

0

0 0 0

[ ] [ ] [ ][ ]

[ ] [ ] [ ]

boundL L LL s
n

S S S


          (1) 
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where [L]bound is the concentration of bound ligand, [S]0 is the initial substrate concentration 

introduced in the mixture and [L]0 is the initial ligand concentration introduced in the mixture. The 

adjustment of the curve n  = f ([L]) using a suitable mathematical model gives access to the 

desired binding parameters. 

Model of n independent sites of equal energy 

In the model of n independent sites of equal energy, we assume that the substrate (S) contains 

n independent sites (-s) of equal energy. The occupation of one site does not influence the 

occupation of the other sites. The interaction between one site (-s) on the substrate and the ligand 

(L) is described by the equilibrium (2): 

              (2) 

 

The intrinsic binding site constant k related to this equilibrium is defined by equation (3): 

[ ]

[ ][ ]

L s
k

s L





           (3) 

where [L-s] is the concentration of occupied sites, [-s] is the concentration of free sites and [L] is 

the concentration of free ligands. In the framework of this model, the isotherm of adsorption is 

described by the Langmuir model according to equation (4): 

[ ]

1 [ ]

k L
n n

k L



           (4) 

where n and k can be obtained by nonlinear curve fitting of the experimental isotherm of 

adsorption. When the entire isotherm can be obtained experimentally, the maximum number of 

interacting sites n corresponds to the value of    at saturation of the isotherm. If, for any 

experimental reason, the saturating part of isotherm is not accessible, the slope at the origin of the 

k
L s L s 
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isotherm can give access to the first successive binding constant K1 = n×k as demonstrated by the 

first derivative of equation (4): 

12[ ] 0 [ ] 0
lim lim

(1 [ ])[ ]L L

dn nk
nk K

k Ld L 
  


          (5) 

The intrinsic binding constant k should not be confused with the first successive binding constant 

K1 defined as: 

1

1

K
S L SL        (6)  

Scatchard representation  

The model of n independent sites of equal energy can be linearized for an easier 

determination of the binding parameters. The Scatchard representation is one method of 

linearization of the Langmuir adsorption isotherm which consists in plotting 
[ ]

n

L
 as a function of 

n  according to equation (7):  

 

            (7) 

The slope of the line gives access to the binding constant k, while the y-intercept estimates 

K1 = n×k.  

Free ligand concentration  

Once the n and k parameters have been estimated/determined experimentally, it is then 

possible to calculate the free ligand concentration for any ligand-substrate mixing ratio, according 

to equation (8): 

 
           

2

0 0 0 0 0
1 1 4

2

nk S k L k L nk S k L
L

k

      


    (8) 

[ ]

n
nk kn

L
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Ionic strength dependence of the binding constant  

Taking into account the release of the counter-ions associated with the first successive 

equilibrium, the chemical equilibrium (6) can be written as (9): 

   
0
1

Na Cl
N N Na Cl

K
L N NS SL Na Cl 

 
 

   
        (9) 

where   
  is the first interaction constant of the equilibrium which takes into account the release 

of counter-ions. NNa+ and NCl
-
 are the number of counter-ions condensed onto the substrate and 

the ligand, respectively, before association. χ
+
 and χ

- 
are the fractions of the counter-ions Na

+
 and 

Cl
-
 released after the association.  

The relationship between    and   
  is given by equation (10)

51
: 

0
1 1

[ ] [ ]Na Cl
N N

K K Na Cl
  

            (10) 

which can be rewritten as equation (11): 

   0
1 1log log log [ ]

Na Cl
K K N N I 

 

 
         (11) 

where I represents the ionic strength of the medium, assuming that [Na
+
] = [Cl

-
] = [I]. 

Equation (11) shows that a linear dependency is expected between the logarithm of the first 

successive interaction constant K1 and the logarithm of the ionic strength [I]. The slope of this 

linear dependence represents the number of the counter-ions that are released from the 

association of one ligand with the substrate.  
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Results and Discussion 

 

Development and optimization of the FACCE methodology 

Before studying interactions between vaccine antigens and SPA09 adjuvant, three model 

proteins were used to develop the FACCE method, namely, lysozyme, Cyt C and RNase A. These 

proteins are positively charged at pH 7.4 (see Table 1), and thus were supposed to interact, at 

least electrostatically, with the polymeric adjuvant which is negatively charged at pH 7.4. As the 

adjuvant charge density is much higher than the charge density of the proteins, the protein-

adjuvant complexes are supposed to be negatively charged
70

.  

 

Table 1. Isoelectric point (pI), molar mass (M), weight-average hydrodynamic radius (Rh) and 

effective electrophoretic mobility (µep) of the studied model proteins and vaccine antigens. 

Experimental conditions for Rh data (Taylor Dispersion Analysis):  HPC-coated capillary of 58.5 cm total 

length (50 cm to the detector) × 100 μm i.d. Buffer: 20 mM TRIS-HCl, 148 mM NaCl, pH 7.4. Co-

hydrodynamic pressure: 20 mbar.
 
Experimental conditions for µep data: PB-coated capillary of 33.5 cm 

total length (8.5 cm to the detector) × 50 μm i.d. Buffer: 20 mM TRIS-HCl, 148 mM NaCl, pH 7.4. 

Applied voltage: -7.5 kV. Co-hydrodynamic pressure: -30 mbar.
 a 

Theoretical pI according to the protein 

sequence. 

 pI 
M  

(kDa) 

Rh
  

(nm) 

µep 

(10
-9 

m
2
 V

-1
s

-1
) 

lysozyme 11
71

 14 2.0 10.6 

Cyt C 10
72

 12 1.8 8.8 

RNase A 9
73

 14 2.1 3.5 

PrSA 9
a
 35 3.5 3.6 
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The goal of the FACCE methodology is to quantify the free antigen concentration in various 

equilibrated antigen/adjuvant mixtures in order to plot the isotherm of adsorption at physiological 

pH 7.4 and 165 mM ionic strength. For that, the antigen/adjuvant mixture was placed at the outlet 

end of the capillary to reduce the analysis time, and the free antigen is electrokinetically and 

continuously introduced in the capillary (frontal mode). As shown in Figure 1A, the positively 

charged free antigen migrates to the negative pole, whereas the negatively charged antigen-

adjuvant complexes remain at the positive pole in the outlet vial. The effective electrophoretic 

mobilities of the proteins studied in this work are given in Table 1. To get repeatable results, the 

nature of the capillary coating, the capillary rinsing protocol and the composition of the 

electrolyte were carefully investigated. Lysozyme is well-known to be particularly difficult to 

analyze because it strongly adsorbs on the capillary walls even with capillary coatings
74

. 

Therefore, lysozyme was used to test different capillary coatings to limit adsorption phenomena 

on the capillary wall. Neutral and cationic coatings were compared: Hydroxypropylcellulose 

(HPC), Ultratrol® LN, Polydiallyldimethylammonium chloride (PDADMAC), 

hexadimethrine bromide (polybrene, PB), a multilayer coating PB- Polystyrene sulfonate (PSS) -

PB capillary and two ready-to-use capillaries from Agilent Technologies µ-SIL FC and DB-

WAX were tested. The best results in term of baseline stability and repeatability on migration 

times were obtained with the cationic PB coating. Lysozyme exhibited non-negligible absorption 

on all the neutral capillaries coatings tested leading to drift of the UV plateau in FACCE.  

With a cationic coating, a co-pressure was applied to compensate the electroosmotic flow and to 

allow the protein migration to the detection window. The applied co-pressure was a crucial 

parameter which was carefully investigated to obtain stable baseline and repeatable 

measurements, as presented in detail in Figure SI1. The applied co-pressure should be neither too 
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low nor too high to avoid the migration of the negatively charged complexes into the capillary. 

The selected co-hydrodynamic pressure giving the best results was - 30 mbars.  

The capillary rinsing steps were also very important to avoid baseline drift, as presented in Figure 

SI2. So, the concomitant use of 0.5 M NaOH and 2 M NaCl allows a complete removing of the 

PB coating and the possibly adsorbed proteins from the capillary surface, within a minimum of 

time. The washed capillary can then be re-coated by PB for subsequent analysis. The overall 

rinsing protocol between analysis is about 16 min, while the electrophoretic step lasts about 4 

min, leading to a total analysis time of 20 min for one equilibrated mixture and a total analysis 

time of 12 hours to achieve a 12-points adsorption isotherm in triplicate.  

Seeking to improve the method repeatability, a variation of pH in the 300 µL equilibrated mixture 

during the FACCE experiment was observed due to the electrolysis reactions in the sample vial 

and due to the relatively low volume of sample used for the FACCE experiments. As shown in 

Table 2, in the case of 20 mM TRIS buffer in a 300 µL sample volume, the pH drops from 7.4 to 

4.4 in 15 minutes under 224 V/cm electric field, which corresponds to the separation time 

required to perform three repetitions of the same sample. pH variations modify the charge of the 

ligand and the substrate and can thus impact the interactions. TRIS concentration was thus 

increased up to 80 mM to limit the pH drift to about ~0.1 pH unit (see Table 1). For those who 

would be interested in working with lower sample volume (i.e. 150 µL), increasing the TRIS 

concentration was not sufficient unless setting very high concentrations (200 mM, see Table 1), it 

is preferable to switch to HEPES buffer which has a higher buffer capacity than TRIS at pH 7.4.  

In the case of the present study, TRIS buffer was still chosen as it most commonly used in 

vaccines formulations. 
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Table 2. Variation of the pH of the buffer as a function of the exposure duration at 224 V/cm electric 

field. Applied voltage: -7.5 kV on 33.5 cm capillary length. Buffers: TRIS HCl or HEPES NaOH at 

various concentrations as indicated in the Table + NaCl to set the ionic strength at 165 mM. Temperature: 

22°C. Sample volume: 0.15 mL or 0.3 mL as indicated in the Table. The sample vials were only filled 

with the buffers and did not contained antigen-adjuvant mixtures. n = 3 repetitions for TRIS 80 mM and n 

= 1 for the others. 

Buffer  
(mM) 

  

Volume 

(µL) 
  

Duration under electric field 

0 min 5 min 10 min 15 min 
∆ pH 

for 15 min 

TRIS 20  300 7.4 7.2 6.9 4.4 -3.0 

TRIS 60  300 7.4 7.4 7.3 7.2 -0.2 

TRIS 80  300 7.4 7.4 7.3 7.3 -0.1 

TRIS 20  150 7.5 6.9 3.4 2.6 -4.9 

TRIS 100  150 7.4 7.3 7.2 7.1 -0.3 

TRIS 200 150 7.4 7.4 7.3 7.3 -0.1 

HEPES 100 150 7.4 7.4 7.3 7.3 -0.1 

 

The optimized FACCE experimental conditions led to flat and repeatable fronts for the three 

model proteins and for the vaccine antigen. The method was first used to make calibration curves 

with the proteins alone. Very good linearities (R
2
 between 0.98 and 1.00) were obtained for the 

three model proteins and the vaccine antigen. In all protein / adjuvant mixtures, the SPA09 

concentration remains constant fixed at 1g/L and the protein concentration varies. As only the 

free protein migrates into the capillary, the height of the fronts obtained allows the quantification 

of the free protein. For instance, Figure 1B displays the electropherograms obtained in triplicate 

for the different equilibrated lysozyme / SPA09 mixtures. One can observe that the three 

measurements performed for each mixture overlap very well reflecting good repeatability of the 

method. 
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Figure 1. Schematic representation of the free antigen migration by FACCE (A) and the corresponding 

electropherograms (B) obtained for the detection of the free protein in different equilibrated 

protein/adjuvant mixtures (Lysozyme/SPA09). Veo represents the velocity of the electroosmotic flow, Vep 

is the velocity due to the effective electrophoretic mobility of free antigen and Vp is the velocity due to the 

applied co-pressure. Experimental conditions: PB-coated capillary of 33.5 cm total length (8.5 cm to the 

detector) × 50 μm i.d. Buffer: 80 mM TRIS-HCl, 97 mM NaCl, pH 7.4 (167 mM ionic strength). Applied 

voltage: -7.5 kV (from inlet). Co-hydrodynamic pressure: -30 mbar (from inlet). UV detection: 214 nm. 

Temperature: 25 °C. Samples (300 µL) were prepared in the background electrolyte and placed at the 

outlet end of the capillary. SPA09 concentration in the final mixtures: 1 g/L. Protein concentration in the 

final mixtures: see the inset. 

 

Adsorption isotherms  

From the quantification of the free protein, the average number of bound proteins per 

adjuvant, n , can be calculated using equation (1) and the adsorption isotherm can be plotted. If 

the mixtures are at equilibrium, the addition order should not modify the results
70

. The adsorption 

isotherms between SPA09 and lysozyme were plotted for both addition orders: SPA09 added into 

lysozyme and lysozyme added into SPA09. As shown in Figure SI2, the addition order did not 

influence the results. Therefore, it was assumed that the equilibrium in the sample mixture was 

reached. It is worth noting that the incubation time did not change the results that were obtained. 
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Based on this FACCE methodology, the adsorption isotherms of the three model proteins 

(lysozyme, Cyt C and RNase A) were plotted in the basis of triplicates for 12 different 

concentrations, as displayed in Figure 2A. It can be observed that the three adsorption isotherms 

do not display any saturation plateau. Higher protein concentrations could not be reached 

experimentally due to protein solubilization limitations and precipitation concerns. For that 

reason, the n value could not be directly obtained from the n  value at saturation. To determine 

the binding parameters (k and n) in the framework of the model of independent site of equal 

energy, the first successive interaction constants K1 were obtained from the slope at the origin of 

the isotherm (see equation (5)). This experimental determination allows a first ranking of the 

interactions: K1 Cyt C ≈ K1 RNase A > K1 Lysozyme. K1 represents the n × k product. To get the n and k 

values independently, the Scatchard representation was used to linearize the adsorption isotherm. 

A straight line was obtained, and the corresponding slope gave the intrinsic binding site constant 

k, as shown in Figure 2B. The obtained k values varied between 6.7 × 10
3 

M
-1

 for lysozyme up to 

1.3 × 10
4 

M
-1

 for RNase A. Knowing K1, it was possible to estimate the number of independent 

interaction sites of the equal energy (n) which varied between 75 for lysozyme and 149 for Cyt C. 

At saturation, this stoichiometry corresponds to m = 2.2 g for lysozyme and 3.0 g for Cyt C of 

protein per g of adjuvant. By replacing n and k in the expression of the Langmuir equation (4), 

the fits of the isotherms were represented by the dotted lines in Figure 2A, showing very good 

agreement with the experimental points. 

Using the n and k experimental values, the free protein concentration can be calculated for 

any initial concentrations of protein and adjuvant introduced in the mixtures, using equation (8). 

For typical vaccine formulation having an initial antigen concentration of 0.4 g/L and an adjuvant 

concentration of 1 g/L, the free protein concentrations were determined for each model protein 
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(expressed in percentage of the free form relative to the introduced concentration) and varied 

between 33% and 55%, see Table 3. The average number of proteins n  with these initial 

conditions are also given in Table 3 and varied between 6 and 13 proteins per polymer chain for 

lysozyme and Cyt C, respectively. Of course, this stoichiometry depends on the molar mass of 

the polymer chain, and it is convenient to express it in mass ratio m  corresponding to 0.18 to 

0.26 g of protein per g of adjuvant for lysozyme and Cyt C, respectively. 

   

Figure 2. Isotherms of adsorption obtained by FACCE for the interaction between three model cationic 

proteins (lysozyme, RNase A, Cyt C) and anionic SPA09 (Mw = 583 kDa) adjuvant (A) and the 

corresponding Scatchard plots (B). Fitting curves (dotted lines) were plotted with the k and n values 

reported in Table 2 using the model of independent sites of equal energy (equation (4)). Experimental 

conditions: SPA09 concentration in the final mixtures: 1 g/L. Cyt C and RNase A concentrations in the 

final mixtures: 0.08; 0.10; 0.15; 0.20; 0.30; 0.40; 0.60; 0.80; 1.00; 1.20; 1.40 and 1.60 g/L. Lysozyme 

concentrations in the final mixtures: 0.04; 0.05; 0.08; 0.10; 0.15; 0.20; 0.35; 0.40; 0.50; 0.60; 0.70 and 

0.80 g/L. Other experimental conditions as in Figure 1. Each experimental data point was obtained in 

triplicate. Error bars are ± one SD (generally too small to be seen). The tangent to the origin of the 

isotherms are represented in Figure 2A, the slope of which are related to K1. 

 

Impact of the ionic strength on antigen-adjuvant interactions  

A strong dependence of protein/polyelectrolyte interactions with the ionic strength has been 

reported in the literature
75–77

. To study the impact of the ionic strength on the interaction, five 

buffers were prepared at pH 7.4, with different ionic strengths ranging from 118 to 268 mM.  The 
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different ionic strengths were obtained by varying the NaCl concentration while keeping the 

TRIS concentration fixed at 80 mM. The calibration curves obtained with the five buffers had 

good linearities (R
2
 between 0.98 and 1.00). For an equivalent lysozyme (0.4 g/L) / SPA09 (1g/L) 

mixture: less than 17% free lysozyme was detected at 118 mM ionic strength while more than 

93% was detected at 268 mM ionic strength. These results show the strong impact of the ionic 

strength on the interaction. This strong dependency can be visualized by the decreasing of the 

slope of the tangent at the origin (representing the first successive interactions constants K1) in 

Figure 3A. Indeed, Figure 3A shows that at 118 mM ionic strength K1 = 3.15×10
6 

M
-1

, while at 

268 mM ionic strength K1 = 5.18×10
4 

M
-1

. By plotting K1 against the ionic strength I in double 

logarithmic scales (see Figure 3B), the slope of the line obtained is an estimation of the number 

of released counter-ions during the association of one protein onto an adjuvant chain (see 

equation (11)). In the case of lysozyme/SPA09 interaction, a -5 power law was obtained: 

16 5

1 4.90 10bK aI I             (12) 

where K1 is expressed in M
-1

 and I in mM.  

This means (see equation 11) that 5 counter-ions are released during the association of the first 

protein onto the adjuvant. A maximum in the protein/polyelectrolyte binding constant has been 

reported in the literature at 10-50 mM ionic strength
75–77

. This maximum was explained by the 

balance between repulsive and attractive electrostatic forces due to the dipolar nature of proteins 

having positive and negative patches
75

. In our study, it would have been difficult to observe this 

maximum because the K1 binding constant would be too high to be measurable around 10-50 mM 

ionic strength and below.   
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Figure 3. Impact of the ionic strength of the buffer on the isotherms of adsorption of lysozyme onto 

SPA09 (A) and the corresponding dependence of K1 with the ionic strength (B). Experimental conditions: 

PB-coated capillary of 33.5 cm total length (8.5 cm to the detector) × 50 μm i.d. Buffer: 80 mM TRIS-

HCl, pH 7.4, with various NaCl concentrations to set the ionic strength as indicated on the graphs. Applied 

voltage: -7.5 kV. Co-hydrodynamic pressure: -30 mbar. UV detection: 214 nm. Temperature: 25 °C. 

Samples were prepared in the background electrolyte by 50/50 (v/v) dilutions of SPA09 and lysozyme 

stock solutions. SPA09 concentration in the final mixtures: 1 g/L. Lysozyme concentrations in the final 

mixtures: 0.04; 0.05; 0.08; 0.10; 0.15; 0.20; 0.35; 0.40; 0.50; 0.60; 0.70 and 0.80 g/L.  

 

Impact of the adjuvant concentration on the interactions  

Theoretically, the adjuvant concentration should not affect the adsorption isotherm since the 

isotherm of adsorption should be valid whatever the initial concentrations in protein and adjuvant 

introduced in the mixtures, as far as the mixture remains at equilibrium. As the adjuvant 

concentration is a parameter which is often modified and adjusted during the formulation of a 

vaccine it is interesting to look at the results obtained with another adjuvant concentration. Two 

adsorption isotherms were plotted at 1 g/L and 4 g/L of SPA09 in the mixture and at 165 mM 

ionic strength (see Figure 4). However, by plotting the two adsorption isotherms at 1g/L and 4g/L 

of SPA09 in the mixture at 165 mM, no overlapping was observed, as shown in Figure 4. This 

discrepancy can be explained by the change in ionic strength brought by the polymeric adjuvant 

itself, since this contribution was not taken into account in the calculation of the ionic strength. In 
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order to estimate the ionic strength increment provided by the difference in SPA09 concentration 

of 3 g/L, the K1 value obtained experimentally at 4 g/L SPA09 was represented in Figure 3, and 

the increment of ionic strength ∆I can be directly estimated from the ionic strength dependence 

obtained in the previous section (see Figure 3) according to: 

 

1
4 /

1

at PAA g L b

BGE

K
I I

a


 

   
 

         (13) 

where IBGE is the ionic strength of the BGE without taking into account the SPA09 contribution 

(here 165 mM). Taking 
4 /

1

at PAA g LK 
= 2.78×10

5
 M

-1
 and IBGE = 165 mM in equation (13) leads to 

the conclusion that an addition of 3 g/L SPA09 is equivalent to an increase in the ionic strength 

of ∆I~26 mM. To confirm this result, a buffer solution with an ionic strength of 165-26 = 139 

mM was then prepared to determine the isotherm of adsorption of lysozyme with 4 g/L SPA09. 

Figure 4 shows that the adsorption isotherm describing the interactions between lysozyme and 

SPA09 at 4 g/L in a 139 mM ionic strength buffer is very close to the adsorption isotherm using 

SPA09 at 1 g/L in a 165 mM ionic strength buffer, with difference in slope less than 2%. These 

results validate both the ionic strength dependence found in the previous section and the way to 

experimentally estimate the SPA09 adjuvant contribution to the ionic strength.  
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Figure 4. Influence of the SPA09 concentration on the isotherm of adsorption of lysozyme on SPA09. 

Experimental conditions: PB-coated capillary of 33.5 cm total length (8.5 cm to the detector) × 50 μm i.d. 

Buffer: 80 mM TRIS-HCl, pH 7.4, with various NaCl concentrations to the ionic strength indicated on the 

graph (SPA09 contribution to the ionic strength is not considered). Applied voltage: -7.5 kV. Co-

hydrodynamic pressure: -30 mbar. UV detection: 214 nm. Temperature: 25 °C. SPA09 concentration in 

the final mixtures: 1 g/L or 4 g/L. Lysozyme concentrations in the final mixtures: 0.04; 0.05; 0.08; 0.10; 

0.15; 0.20; 0.35 and 0.40 g/L for the isotherm obtained with SPA09 at 1 g/L, 0.08; 0.10; 0.20; 0.30; 0.40; 

0.70 and 0.80 g/L for the isotherm obtained with SPA09 at 4 g/L.  

 

 

Impact of the adjuvant molar mass  

The results obtained with SPA09 adjuvant provided by Sanofi-Pasteur (polyacrylic acid, 

Mw = 590 kDa) were compared to those obtained with a polyacrylic acid of lower molar mass 

(PAA190, Mw = 190 kDa) purchased from Polymer Source. The adsorption isotherms of 

lysozyme, Cyt C and RNase A are plotted in Figure 5 for the two polyacrylic acids. The 

isotherms were distinct when the stoichiometry n  was expressed in mol/mol (Figure 5A), which 

was expected since longer polyacrylic acid chain can interact with more proteins. In contrast, the 

differences between isotherms vanished when n was replaced by m expressed in g/g (Figure 

5B). These results demonstrate that the parameters of interaction determined with a polyacrylic 

acid of given molar mass can be used for various polyacrylic acid as far as the isotherm of 

adsorption is expressed in g/g; and can be recalculated in mol/mol if the average molar mass of 

the polyacrylic acid is known.  
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Figure 5. Influence of the adjuvant molar mass on the isotherm of adsorption of lysozyme onto polyacrylic 
acid for stoichiometries expressed in mol/mol (A) or in g/g (B). Experimental conditions as in Figure 1. 

 

The case of the vaccine antigen in development 

The same FACCE method was applied to study interactions of SPA09 adjuvant with a 

vaccine antigen in development for the treatment of Staphylococcus aureus (PrSA). The 

calibration curve showed very good linearity (R
2 

= 1.00). As expected, due to the positive protein 

charge at pH 7.4, less than 40% free PrSA was quantified on the concentration range studied, 

confirming the presence of PrSA – SPA09 interactions. The adsorption isotherm was plotted with 

triplicate measurements for each experimental point, as shown in Figure 6. The binding 

parameters were determined as described in previous section, leading to K1 = 1.5 × 10
6 

M
-1

, 

n = 28, and k = 5.2 × 10
4
 M

-1
, see Table 3. Comparing these results to the previously obtained 

results, it appears that the interaction parameters K1 and k obtained for PrSA are both higher to 

those obtained for the three model proteins while the maximum stoichiometry is in the order 

nCyt C > nlysozyme ≈ nRNase A > nPrSA. The ranking of the number of independent interaction sites (n) 

is inversely proportional to the proteins size (see Table 1), which can be partly explained by the 

steric hindrance. Nevertheless, if we consider the maximum stoichiometry expressed in g of 

protein per g of adjuvant (m) the results are much closer, around 2 g of protein per g of adjuvant. 
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Figure 6. Isotherm of adsorption obtained by FACCE for the interaction between PrSA antigen and 

anionic SPA09 adjuvant. Experimental conditions: SPA09 concentration in the final mixtures: 1 g/L. PrSA 

concentrations in the final mixtures: 0.08; 0.15; 0.20; 0.30; 0.40 and 0.60 g/L. Fitting curve using the 

model of independent sites of equal energy is represented in dotted lines. Other experimental conditions as 

in Figure 1.  

 

Table 3. Binding parameters (k, n) determined from the adsorption isotherms (see Figure 2) using the 

model of independent sites of equal energy. K1 = n × k is the first successive interaction constant and was 

determined from the slope at the origin of the isotherms. k was obtained using the Scatchard representation 

(from the slopes of the lines in Figure 2B). Experimental conditions as in Figure 1. 
a
 [antigen]0 = 0.4 g/L, 

[adjuvant]0 = 1g/L. 

 

 
Cyt C RNase A Lysozyme PrSA 

% free antigen in 

formulation 
a 

 

33.9 ± 1.0 38.1 ± 1.4 55.2 ± 0.2 29.2 ± 0.7 

n  (mol/mol) in 

formulation 
a 

 

13.0 ± 0.2 10.4 ± 0.2 6.4 ± 0.1 4.9 ± 0.1 

m  (g/g) in 

formulation 
a 

 

(2.6 ± 0.1) × 10
-1

 (2.5 ± 0.1) × 10
-1

 (1.8 ± 0.1) × 10
-1

 (2.9 ± 0.1) × 10
-1

 

K1 (M
-1

) (1.2 ± 0.1) × 10
6
 (1.1 ± 0.1) × 10

6
 (5.0 ± 0.6) × 10

5
 (1.5 ± 0.1) × 10

6
 

k (M
-1

) (8.4 ± 2.1) × 10
3
 (1.3 ± 0.1) × 10

4
 (6.7 ± 1.6) × 10

3
 (5.2 ± 2.0) × 10

4
 

n (mol/mol) 149 ± 51 86 ± 12 75 ± 26 28 ± 12 

m (g/g) 3.0 ± 1.0 2.0 ± 0.3 2.2 ± 0.7 1.7 ± 0.7 
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Conclusion 

 

This work showed the suitability of FACCE method to study antigen-adjuvant interactions in 

vaccine products. FACCE gives a rapid and direct access to the percentage of free antigens and to 

the average number of bound antigens per adjuvant in vaccine formulations. Mathematical 

models allowed to further determine the maximum stoichiometry and the intrinsic binding 

constant, which are key parameters characterizing the interactions. FACCE method can also be 

used to follow vaccines stability and to optimize vaccines formulations, by monitoring the impact 

of the physicochemical parameters (excipients, adjuvant concentration, pH, ionic strength) on the 

interaction stoichiometry and intrinsic binding constant. Ionic strength was found to be a crucial 

parameter having a considerable impact on the interaction parameters. It was also shown that the 

polymeric adjuvant itself significantly contributes to the ionic strength of the medium, and 

therefore, to the strength of the interactions. Its contribution could be estimated and corrected 

when formulating a vaccine product. 

Regarding its limitations, the methodology developed in this work is well suited for the study 

of non-specific interactions with intrinsic binding site constant k in the order of 10
3
 - 10

6
 M

-1
. For 

higher affinity binding site constant, a fluorescent detector would be required (with fluorescent 

antigen / protein) to lower the limit of quantification. Moreover, this methodology is only 

applicable when the free antigen/protein and the complex have significantly different 

electrophoretic mobilities. This methodology could also be used to study negatively charged 

antigens or other types of charged polymer adjuvants (cationic or neutral), but the method should 

be adapted especially by changing the capillary coating to avoid any undesirable adsorptions. 

FACCE methodology is, of course, not limited to antigen / adjuvant interaction, and can be 

applied for other applications in biomacromolecular science. 
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The study of antigen-adjuvant interactions can allow a better understanding of adjuvants 

mode of action and their impact on the immunogenicity. Understanding antigen-adjuvant 

interactions at molecular level is necessary for the development of new adjuvants which goes 

hand in hand with the development of new vaccines. 
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